We have found monochromatic electron photoemission from large-area self-assembled monolayers of a functionalized diamondoid,
tetramantanethiol, with the z-axis of the molecule defined by the S-C bond, are tilted by 30 +/-10 o from the surface normal ( Fig. 1C ) (6) . Additionally, the affinity of the thiol to the metal leads to thiolate-bound monolayers (7, (13) (14) (15) , confirmed by S 2p core-level X-ray photoelectron spectroscopy (16) (Fig. S2 ).
The key results of this work are seen in the PES spectra of [121]tetramantane-6-thiol SAMs grown on Ag ( Fig. 2A ) and Au ( Fig. 3A) substrates. An emission peak appears for both surfaces at about 1 eV kinetic energy, the onset of the spectra at low kinetic energy.
The intensity of the peak exceeds all the valence band features. For SAMs grown on Ag and Au, the sharp peak comprises about 68% and 17% of the total electron yield, respectively. This peak intensity is several times stronger than that found for hydrogen-terminated diamond surfaces (e.g. 4, [17] [18] [19] . Even with a logarithm plot (insets), one can still see a sharp feature instead of the typical exponential decay of secondary electrons in this energy range.
In order to ensure that this unusual electron emission originates from the diamondoid monolayers, we applied two different techniques to cover or remove the monolayer in situ.
Coating the diamondoid SAM with one monolayer of C 60 , which was evaporated onto the SAM surface, caused the sharp emission feature to vanish (Fig. 2B ). Note the valence band of the C 60 covered surface is neither from tetramantanethiol nor from C 60 (20) , but the origin of these features is not clear at present. The diamondoid SAM was also removed by annealing a SAM sample to 550ºC in situ. Given the thermal stability of conventional alkane thiol SAMs is roughly 70ºC (21) , this treatment should remove the diamondoid, and as shown in Fig. 2C , the low kinetic energy peak completely disappears after annealing (22).
To investigate the importance of a monolayer of functionalized diamondoid versus a thin film of diamondoid, we compared [121]tetramantane-6-thiol SAMs with
[121]tetramantane films. Figure 3B shows the PES spectrum of the [121]tetramantane film. The spectrum shows a weak peak at low kinetic energy, in sharp contrast with the data for [121]tetramantane-6-thiol SAMs (Figs 2A and 3A) . Two factors may contribute to this difference. One is the poor electron conductivity within the thicker films versus through the monolayers, and the other is the role that the thiol groups play for the SAM samples. Significantly, this result indicates that the strong electron emission does not occur solely from the diamondoid surface, but that the metal substrate is intimately involved in the process.
We have further confirmed that the sharp peak remains at the same energy with varying photon excitation energy (Fig. S3 ). This rules out the possibility of core-level excitations and suggests this sharp feature is not from electrons directly excited by 6 photons, but from electrons accumulated at an intrinsic energy level of the molecules.
PES has been used widely for studying NEA materials, and a sharp feature at a low kinetic energy threshold is often evident in the spectra of NEA (4, 17-19, 23, 24) . Thus, the emission peak presented in this work provides direct evidence that certain functionalized diamondoids are NEA materials, consistent with the recent diffusion Monte Carlo (DMC) calculations (5) . Moreover, the calculated DMC band gap, about 7eV for tetramantane (5) , is also consistent with the band gap estimated from our photoemission spectra, 6 to 8eV (25). As another verification of NEA, we evaporated slightly potassium (K) metal onto the SAM sample. In the PES of a K-covered
[121]tetramantane-6-thiol SAM on Ag substrate, the sharp peak retains its high intensity, and occurs at the same energy position (Fig. S4 ). This is another indication of NEA because K-deposition onto a positive electron affinity semiconductor will lead to a shift of the low kinetic energy cutoff and strong enhancement of the secondary electron background.
On a typical NEA surface, electrons excited into unoccupied states relax to the bottom of the conduction band due to inelastic scattering, normally referred to as the "secondary cascade". A number of secondary electrons will then accumulate at the bottom of the conduction band. For a surface with positive electron affinity (true for almost all untreated semiconductor surfaces), these accumulated electrons cannot escape.
For an NEA surface, these accumulated electrons can be emitted directly because the vacuum level lies below the bottom of conduction band. As a result, a peak will be observed at the low kinetic energy threshold in PES (4, 17-19, 23, 24) .
However, on diamondoid SAM surfaces, there is only a single layer of diamondoid molecules. The detailed mechanism responsible for the highly monochromatic emission is unknown at this stage. Naively, one may consider that photoexcited electrons lose energy by creating phonons in the molecules, but this will likely lead to the destruction of the molecules. A plausible scenario is that the majority of the photoexcited electrons come from the substrate. These electrons first thermalize in the metal, producing many more low energy electrons. Electrons with energies above the diamondoid conduction band minimum may get transferred to diamondoid molecules, reach the bottom of the conduction band by creating phonons and get emitted. This proposal is shown schematically in Fig. 4 . The other difference of our results with that of other typical NEA systems (4, 17-19, 23, 24 ) is that our data show a spike in the spectra rather an exponential rise of the secondary tail towards the threshold, suggesting that a single energy level, resulted from the molecular nature of nanometer sized diamondoids, and/or a strong resonance process are involved. 8 Our results suggest that diamondoid monolayers may have promising utility. Not only can functionalized diamondoids be easily grown into large area SAMs with NEA properties, they naturally circumvent the long standing electron-conductivity issues encountered for wide-gap bulk NEA semiconductors (4, 26) . On a diamondoid SAM surface, electron conduction from the electron reservoir (metal substrates) to the emission surface is through one single molecule, which successfully avoids the low conductivity problem and enhances the election emission. Additionally, the possibility of different functionalizations (3, 4) provides us an opportunity to optimize the NEA and other properties of diamondoids. While many technical issues need to be addressed for utilizing diamondoid SAMs as electron emitters, the molecular nature of diamondoids provides intrinsic advantages over bulk materials because of their special molecular characteristics; e.g. narrow energy distribution of the electronic states -an interesting problem requiring more study. 25. For NEA materials, the difference between photoemission spectral width and the excitation energy should match the band gap value (4, (17) (18) (19) . Although there is no precise gap value reported for [121]tetramantane-6-thiol, and it is difficult to define a precise photoemission spectral width of an insulating monolayer system due to the difficulty in determining the spectral onset, the estimation from our spectra is consistent with the DMC calculation (5) Photoelectron spectrum collected on an annealed [121]tetramantane-6-thiol SAM. Again, the peak observed for the pristine SAM vanishes after the in situ annealing to 550ºC. The difference between Fig. 2c and a pure Ag PES spectrum could be partially due to some residual sulfur atoms still bounded to the surface after annealing. 
NEXAFS simulations
[121]Tetramantane has sufficient majority of the bonds that are oriented, in general, close to orthogonal (C-H) and normal (C-C) to the long molecular axis. This allows determination of molecular orientation. As another typical way to present the NEXAFS polarization dependence, Fig. S1A shows the difference of the spectral weight at various beam incident angles relative to the spectrum acquired at
The same data is plotted in Fig. 1A .
By simple inspection, the spectra acquired at normal incidence (90 o ) exhibits the strongest intensity for the R* / (C-H) σ * peak, meaning the (C-H) orbitals are oriented more prostrate than normal with respect to the surface. Alternatively, the (C-C) σ * resonance shows the opposite angular dependence, meaning the (C-C) bonds are generally oriented more normal to the surface than prostrate. Thus, the molecule is upright on the surface. The general, gross approximation of summing the transitions dipoles oriented along the respective σ * resonances from each atomic center in the molecule was used (S1) to determine the polar angle of the molecule with respect to the surface. Although this model is an approximation (S2-S4), it allows a more quantitative estimate of the orientation.
This method is described in detail in (S1), but for completeness and for details specific to
[121]tetramantane-6-thiolate, a brief summary is provided here. Firstly, the NEXAFS spectra at all incidence angles were fit using the method described elsewhere (S5) to deconvolute angular dependent R*/(C-H) σ * and (C-C) σ * resonances. The intensity of a resonance is proportional to square of the dot product of the electric field and the transition dipole moment, which is along the final state orbital for excitations from a 1s core-level, using the dipole approximation (S1). Secondly, ratios of intensities are considered to remove the proportionality that is due to factors like detector efficiency and transition cross section. Figure S1B 
